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The crystal structures of (g5-C5H5)W(CO)3(g
1-N-maleimidato) and (g5-C5H5)Fe(CO)2(g
1-N-maleimidato) complexes were deter-
mined by single crystal X-ray diﬀraction. The molecular geometries of both structures are compared with those of the Mo analog of
the W complex and ethyl-N-maleimide in order to ﬁnd a relation between the geometrical features and the rate constants of the addition
reaction of the sulfhydryl group of biomolecules to the ethylenic bond of the maleimidato fragment. For a deeper insight into the prob-
lem DFT calculation were performed. An analysis of atomic charges, using the CHELPG scheme, and of theoretical electron density
function, using the AIM theory, was performed. In the (g5-C5H5)W(CO)3(g
1-N-maleimidato), likewise in its Mo analog, the car-
bonyl  carbonyl interaction was found both for experimental and calculated structures. It is probably the ﬁrst approach to explain this
type of intramolecular interactions acting in organometallic compounds. This interaction can play the essential role in the reaction mech-
anism of nucleophilic addition to the maleimidato moiety. The AIM investigations indicate also the diﬀerences in the character of bond-
ing between the g-N-maleimidato ligand and the central metal atom.
 2006 Elsevier B.V. All rights reserved.
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Diﬀerent types of weak bonding interactions are subject
of numerous investigations in many branches of natural sci-
ences. Among them are carbonyl  carbonyl interactions,
which can be competitive with hydrogen bonds and similarly
as the latter, can play an important role in many chemical,
biochemical, or physical processes [1]. For example, it has
been found that C@O  C@O interactions play the crucial
role during the formation of cyanuric acid crystals [2–4].
Carbonyl  carbonyl interactions provide also important
contributions to the shaping of secondary structures of pro-0022-328X/$ - see front matter  2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2006.03.035
* Corresponding author. Tel.: +48426355740; fax: +48426790447.
E-mail address: marcinp@uni.lodz.pl (M. Palusiak).teins. It has been reported thatOcarbonyl  Ccarbonyl is a signif-
icant attractive interaction holding together a-helices and b-
sheets [5–7]. It has been also found during studies of solvent
eﬀects, that solvents containing carbonyl groups form com-
plexes with indanetrione derivatives via C@O  C@O con-
tacts, inﬂuencing the electronic structures of the latter [8].
Usually, this kind of bonding is considered asmainly electro-
static, especially for long distances between interacting
atoms, when the coulombic forces dominate. The intramo-
lecular carbonyl  carbonyl interactions in organometallic
derivatives of maleimide are investigated here. To the best
of our knowledge this is the ﬁrst report dealing with this type
of interactions acting in organometallic compounds.
Maleimido compounds are often used for the selective
alkylation of thiol-containing biomolecules [9]. Covalently
Chart 1.
Table 1
Crystallographic data and structure reﬁnement
Compound 1 3
Formula C12H7N1O5W1 C11H7N1O4Fe1
Molecular weight (g cm3) 429.04 273.03
Crystal system Monoclinic Triclinic
Space group P21/c P1
a (A˚) 14.386(2) 6.3896(11)
b (A˚) 8.6877(6) 7.4671(16)
c (A˚) 15.747(3) 11.885(2)
a () 90.0 83.00(2)
b () 142.385(6) 88.10(2)
c () 90.0 70.74(2)




l (mm1) 9.632 1.419
T (K) 173(2) 173(2)
k (A˚) 0.71073 0.71073
Index ranges 17 6 h 6 17,
9 6 k 6 10,
19 6 l 6 19
7 6 h 6 7,
9 6 k 6 9,
14 6 l 6 14
Number of unique data collected 2255 1920
Number of I > 2r(I) data 1868 1172
Number of parameters 172 154
R1 [I > 2r(I)] 0.0266 0.0425






Bond lengths (A˚) in the maleimidato moiety and reaction rate constants
for the investigated metal complexes and N-ethylmaleimide
d 1 2 3 N-ethylmaleimidea
N10AC11 1.398(7) 1.389(3) 1.407(6) 1.396
N10AC14 1.389(8) 1.394(3) 1.386(6) 1.378
C11AO11 1.207(8) 1.216(3) 1.220(6) 1.201
C14AO14 1.209(7) 1.213(3) 1.218(6) 1.198
C11AC12 1.517(9) 1.488(4) 1.510(6) 1.491
C13AC14 1.502(8) 1.482(4) 1.520(7) 1.487
C12AC13 1.321(10) 1.315(4) 1.316(8) 1.314
t1/2 (min) 5.8 9.0 26.0 1.00
k 1732 1111 382 9532
a Esd’s for N-ethylmaleimide are unavailable.
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very interesting species because their unusual redox proper-
ties [10], IR absorption [11] or luminescence features [12–
14] enable their sensitive detection in biological samples.
The reaction rates of transition metal complexes containing
the maleimidato ligand with thiol groups in biomolecules
were already investigated. It has been reported for the
molecular structure of the (g5-C5H5)Mo(CO)3(g
1-N-male-
imidato), that two of three carbonyl groups coordinating
molybdenum are interacting with Ocarbonyl atoms of the
maleimidato ligand [15]. It was suggested that since this
interaction is intramolecular, it can have impact on the
reactivity of this compound in a nucleophilic addition reac-
tion of the maleimidato fragment to the ethylenic bond.
Here, the molecular structure of (g5-C5H5)W(CO)3(g
1-N-
maleimidato) (1), the tungsten homologue of the (g5-
C5H5)Mo(CO)3(g
1-N-maleimidato) (2), as well as the
related complex with iron as the central atom, (g5-
C5H5)Fe(CO)2(g
1-N-maleimidato) (3), is reported (see
Chart 1 with schemes of 1–3). The geometrical features
of the above-mentioned Mo derivative and N-ethylmalei-
mide as the maleimidato moiety in typical organic com-
pound [16] were also taken into consideration. The rate
constants and half-live times are explained by the geomet-
rical data estimated on the basis of X-ray investigations.
The studies are widened by quantum chemical calculations
for Mo, W and Fe organometallic systems as well as for N-
ethylmaleimide. The computations are carried out on the
basis of density functional theory [17,18] and the quantum
theory ‘‘Atoms in Molecules’’ [19,20].
2. Experimental
2.1. X-ray investigations
For details of the syntheses of the organometallic deriva-
tives see Ref. [15]. Crystals of 1 and 3 were obtained by slow
evaporation of aqueous solutions. Single crystals suitable for
X-raymeasurementweremounted on glass-ﬁbres. X-ray dif-
fraction data were collected at 170 K on a STOE IPDS I
usingMoKa radiation. The unit cells were determined from
8000 reﬂections. Both crystal structures were solved by direct
methods and then reﬁned by full-matrix least-squares meth-
ods against F2. All hydrogen atoms were placed on geomet-
rically idealized positions and constrained to ride on their
parent atoms, with a CAH distance of 0.950 A˚ andUiso(H) = 1.2Ueq(C). Selected crystal data are collected in
Table 1. Table 2 contains selected geometrical parameters.
Rate constants and half-lives of reaction of the N-ethyl-
maleimide metal complexes under discussion with glutathi-
one were determined in a water–methanol mixture (9:1) at
pH 7.4 and 24 C. For more experimental details see Ref.
[15].
2.2. Computations
Geometries both for metal complexes and for N-ethyl-
maleimide were fully optimized using DFT methods in
the GAUSSIAN-03 set of codes [21]. The starting geometries
were taken directly from the crystal structures. The
B3LYP functional [22–24] was applied with the 6-
311+G(d) basis set [25,26] for C, N, O and H atoms and
the LanL2DZ basis set [27–29] for the transition metals.
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LanL2DZ pseudopotentials for core electrons. Wave func-
tions and atomic charges were obtained at the same level of
approximation. Population analysis was made using the
CHELPG [30] scheme implemented in GAUSSIAN-03. The
AIM2000 package [31] was applied for topological analysis
of the theoretical electron density function.
3. Results and discussion
3.1. Crystal structures of the W and Fe complexes
In 1 the tungsten atom is coordinated by Cg of the
cyclopentadienyl ring at the apex and three carbonyl
groups and a nitrogen atom of maleimidato ligand in the
basal positions of a square pyramid (a ‘‘four-legged piano
stool structure’’). Such an arrangement of ligands is in
agreement with general observations for this type of coor-
dinating environment. The basal bonds are tilted from the
plane of the pyramid base. Distances between the carbonyl
ligand carbon atoms and the central atom in the range of
2.009–2.032 A˚ are close to the average value of this param-
eter observed in related structures. For example, the aver-
age C(carbonyl)AW distance for 1798 (7239 matches)
high quality crystal structures (R < 5%, without unresolved
errors, no reported structural disorder, without polymeric
or powder structures) found in CSD [32] amounts to
2.007(41). The distances C@O  C(carbonyl) of 2.796(13) A˚
and 2.921(15) A˚ for O(14)  C(20) and O(11)  C(40) sug-
gest the possibility of the existence of intramolecular car-
bonyl  carbonyl interaction, which can be competitive
with hydrogen bonds as already proved both by using the
CSD crystallographic data and ab initio calculations [1].
The carbonyl ligand C30AO30 forms an almost straight
line with the central metal atom, i.e. the angle
O30AC30  W is 177.3(6), while both other CO groups
are clearly out from this linear orientation. The corre-
sponding angles are 172.8(5) and 173.0(5) for
O20AC20  W and O40AC40  W, respectively. More-
over, the carbon atoms C20 and C40 are clearly oriented
towards the oxygen atoms of the maleimide ligand, which
also can suggest the existence of mentioned carbonyl  car-
bonyl interaction. Since these eﬀects are intramolecular,
they may occur not only in the solid state, but also in solu-
tion, and may inﬂuence the reactivity of the maleimide
moiety. As it was mentioned above, such a type of car-
bonyl  carbonyl interaction was already reported for the
homologue of 1 with Mo as central atom [15]. Generally,
1 and 2 homologues have very similar geometrical features,
including potential intramolecular interactions. The situa-
tion is slightly diﬀerent in the case of 3. The iron atom is
coordinated by Cg of the cyclopentadienyl ring at the apex
and two carbonyls and a nitrogen atom of the maleimidato
ligand in the basal positions of the trigonal pyramid (a
‘‘three-legged piano stool structure’’ in this case). Likewise
in 1, the basal bonds are tilted from the plane of the pyra-
mid base distorting the pyramidal arrangement of the threebasal ligands with respect to the central atom. The
CcarbonylAFe bond lengths are in very good agreement with
data collected in CSD. The mean value of FeAC bond
lengths in CSD data (2725 high quality crystal structures
and 10000 matches) is 1.784(28) A˚ while the corresponding
values in the reported structure are 1.784(6) A˚ and
1.789(5) A˚ for C(10)-Fe and C(20)AFe, respectively.
Table 2 contains values of quantities describing the reac-
tivity of the complexes under discussion with glutathione
and geometrical parameters of the maleimidato ligand in
the corresponding metal complexes. These values are also
compared with the corresponding data for N-ethylmalei-
mide. One can see that only in the case of the C11AO11
and C14AO14 carbonyl groups there is some correlation
between bond lengths and reaction rates. All other geomet-
rical parameters seem to change beyond any dependence.
Generally, the geometrical diﬀerences of the maleimidato
moiety in the considered molecules are not signiﬁcant,
especially if one takes into account the estimated standard
deviations. However, it is worth mentioning that only in
the case of the carbonyl CAO bond lengths in the malei-
mide moiety there is any observable relation with reaction
rate constants.
Observations made for crystal structures give no distinct
indication of the role of a potential carbonyl  carbonyl
interaction inside the investigated samples, so the crystallo-
graphic measurements have been used as a starting point
for deeper analysis with the usage of computational
methods.
3.2. Atomic charge analysis
Atomic charges were estimated for 1, 2, and 3 as well as
for N-ethylmaleimide, using the CHELPG scheme
(CHarges from ELectrostatic Potentials using a Grid based
method [30]) implemented in GAUSSIAN-03. These charges
were evaluated at the same level of approximation as the
optimizations of geometries were made. This method of
population analysis was chosen since the corresponding
results depend only slightly on the level of the applied
approximation (method and basis set) as well as the
charges calculated in such a way are of the relatively high
reliability of obtained results [33,34]. The radii for W,
Mo, and Fe were substituted by the values of distances
between the atoms in crystals of tungsten (2.741 A˚), molyb-
denum (2.725 A˚) and iron (2.482 A˚) according to Table of
interatomic distances and conﬁguration in molecules and ions
[35] since other van der Waals radii for transition metals
are not available. The calculated atomic charges are col-
lected in Table 3. The atom numbering scheme is the same
as that one in the experimental crystal structures (see
Fig. 1).
As one can see in Table 3, there is a positive charge con-
centration on the carbonyl C atoms. Simultaneously, the
negative charges are located mainly on the N and O atoms.
Moderately negative atomic charges characterize those car-
bon atoms which are the centers of reactivity in the reac-
Table 3
CHELPG atomic charge values
1 2 3 N-ethylmaleimide
Metal
atom
0.126 0.111 0.051 –
Cyclopentadienyl
ring
C1 0.020 0.034 0.130 –
C2 0.139 0.148 0.000 –
C3 0.053 0.049 0.108 –
C4 0.059 0.050 0.102 –
C5 0.135 0.154 0.009 –
Maleimidato
ligand
N10 0.553 0.561 0.393 0.438
C11 0.672 0.664 0.617 0.661
O11 0.525 0.529 0.547 0.518
C12 0.206 0.195 0.228 0.223
C13 0.237 0.245 0.218 0.217
C14 0.712 0.713 0.613 0.653
O14 0.543 0.546 0.546 0.518
Carbonyls C20 0.234 0.240 0.328 –
O20 0.215 0.201 0.215 –
C30 0.270 0.269 0.326 –
O30 0.259 0.242 0.212 –
C40 0.232 0.239 – –
O40 0.215 0.201 – –
Fig. 1. View of 1 (a), and 3 (b), with atom labeling scheme. Ellipsoids are
drawn at 40% probability.
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diﬀerences between the atomic charge values for these car-
bon atoms in the investigated metal complexes and N-eth-
ylmaleimide in comparison with the diﬀerences between the
reaction rate constants. This ﬁnding as well as the charge
distribution in the maleimidato ligand may suggest that
whole of the O@CAC@CAC@O sequence of atoms in
the maleimidato moiety plays a signiﬁcant role in the reac-
tion mechanism. This observation can also be supported by
the fact that only in the case of the carbonyl CAO bond
lengths in the maleimide moiety there is any observable
relation with reaction rate constants, as it was mentioned
in the previous section. The analysis of charge distribution
in this part of investigated molecules allows to suspect that
the process of nucleophilic addition to maleimidato moiety
is analogous to the mechanism of reaction of conjugated
nucleophilic addition to a,b-unsaturated aldehydes and
ketones. The probable mechanism of such reaction has
been shown on Fig. 2. The positive charge located on the
Ccarbonyl atoms of maleimidato moiety favors the forma-
tion of the transition state.
It is well known, that CO ligands are r-donating, but p-
accepting moieties. On the other hand, it has been reported
in the literature that the imidato ligand shows r and p-
donor properties [36]. Hence one could expect that trans
carbonyl carbon atom in 1 and 2 will be less positive than
its cis counterparts due to the transfer of electrons from
imidato ligand to trans CO ligand. Meanwhile in both, 1
and 2 the trans Ccarbonyl atom is endowed with the greater
positive charge surplus than equivalent C atoms in cis posi-
tions. Therefore, one may suspect that this is the eﬀect of a
partial charge transfer from the oxygen to the carbon atom
in a carbonyl  carbonyl interaction. In the light of such
observations the intramolecular Ocarbonyl  Ccarbonyl con-tact found in the molybdenum and tungsten derivative
may signiﬁcantly participate in the delocalization of the
surplus charge in the transition form that is built during
the reaction of the title compounds with L-cysteine or
glutathione.
3.3. AIM analysis
A detailed topological analysis of the electron density
was performed on the basis of the ‘‘Atoms in Molecules’’
quantum theory. The wave functions were obtained at
the same level of approximation as the optimization proce-
dure was performed. The values of the electron density, the
laplacian of the electron density and the ellipticity of bonds
were analyzed.
There are four characteristic types of critical points in
the AIM topological analysis of the electron density; the
attractors, which are the local maxima of electron density
Fig. 2. Reaction scheme of the nucleophilic addition to the maleimidato moiety.
3236 M. Palusiak et al. / Journal of Organometallic Chemistry 691 (2006) 3232–3238usually corresponding to the positions of atoms, then two
types of saddle points, which correspond to local extremes
of the electron density function characteristic for chemical
bonds (bond critical points, BCP) and ring systems (ring
critical points, RCP), and ﬁnally the cage critical points
(CCP) [19,20]. In the case of the investigated systems there
is a certain discrepancy with the general rule according to
which all atoms are represented by atomic attractors. The
metal atoms are represented by cage critical points sur-
rounded by several non-atomic attractors and critical
points (see Fig. 3). This is an artefact arising from approx-
imations based on pseudopotential corrections for heavy
atoms. The metal valence shell has its own topology, since
there are regions of concentrations and depletions of
valence electrons in the ﬁeld of potential. The calculationsFig. 3. Molecular graph of the 1 (a), 2 (b) and 3 (c); big circles correspond to ato
CCPs green). In the case of (a) and (b) there are BCPs present with bond path
descriptors for these critical points are as follows: (a) qO  C = 0.0149 a.u., $
2qO
eO  C = 0.5877; (b) qO  C = 0.0154 a.u., $
2qO  C = 0.0502, eO  C = 0.4015 an
tation of the references to colour in this ﬁgure legend, the reader is referred tomade for 3 with usage of diﬀerent basis sets for iron indi-
cate that for the 6-311+G* basis set there is one attractor
corresponding to the Fe atom. For the same basis set with
the pseudopotential approximation (LanL2DZ) the metal
valence shell has its own topology and the same is observed
if the LanL2DZ basis set with pseudopotential approxima-
tion (also LanL2DZ) is applied. However, it should be
pointed out that in the case of molybdenum and even more
in the case of tungsten the correction for relativistic eﬀects
is an important approximation at all. Moreover, the 6-
311G basis is unavailable for these atoms. On the other
hand, the above-quoted calculations for 3 indicate that
the diﬀerences in the quantities characterizing the critical
points are very small for compared levels of calculations
and mainly concern the closest surroundings of the ironm positions, small ones are the critical points (BCPs red, RCPs yellow and
s corresponding to carbonyl  carbonyl interactions. The electron density
  C = 0.0494, eO  C = 0.4802 and qO  C = 0.0134 a.u., $
2qO  C = 0.0451,
d qO  C = 0.0135 a.u., $
2qO  C = 0.0445, eO  C = 0.4831. (For interpre-
the web version of this article.)
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for the electron density and its laplacian at BCP(N–Fe)).
AIM theory has been found a very useful utility in the
investigations of many weak intra- and intermolecular
interactions, particularly hydrogen bonds [37]. Generally,
it is possible to state on the basis of AIM theory that if
there is a critical point with a corresponding bond path
between two chemical individuals there should be some
chemical bond between them. Furthermore, parameters
of the electron density function in BCP may characterize
properties of a bond or can be used for estimating its ener-
getic properties. It was found for example that the electron
density and its laplacian in BCP of a hydrogen bond corre-
late very well with energetic parameters of this interaction
[38]. Thus, it is worth to realize such analysis for car-
bonyl  carbonyl contact found in the investigated mole-
cules. Fig. 3(a) and (b) shows that in the case of tungsten
and molybdenum derivatives the BCPs with corresponding
bond paths connecting O atoms in the maleimide ligand
and Ccarbonyl atoms are present. The electron density value
at these BCPs equals approximately q = 0.014 a.u. (see the
caption of Fig. 3). For comparison, the electron density at
the BCP of a hydrogen bond in the water dimer (B3LYP/6-
311+g(d) level of calculations, binding energy corrected by
basis set superposition error Ebin = 5.966 kcal/mol) equals
0.026 a.u. This comparison may provide a rough estima-
tion of energetic parameters of the discussed interaction.
One should note, however, that the character of both types
of interactions may diﬀer signiﬁcantly. For example, the
binding energy in LiF, mainly erasing from coulombic
forces, is close to 135.78 kcal/mol while q in BCPLi–F
amounts to 0.06943 a.u. (B3LYP/6-311+g(d) level of calcu-
lations). In case of the discussed interaction, as it was
repeatedly reported, especially for C@O  C@O interac-
tions in proteins, the electrostatic forces may have the sig-
niﬁcant impact, which can be partially conﬁrmed by the
atomic charge distribution analyzed in the previous section.
Also the laplacian values of q at BCPcarbonyl  carbonyl are
positive. This is characteristic for closed-shell interactions,
such as ionic interactions, hydrogen bonds or van der
Waals interactions. Interestingly, the values of the elliptic-
ity e at the carbonyl–carbonyl BCP signiﬁcantly diﬀer from
zero (this parameter illustrates how the electron density
shape is ﬂattened crosswise the bond path in BCP; e equals
zero for ideally cylindrical bonds, e.g. single CC or triple
CC bonds, and diﬀers from zero when the bond cross-sec-
tion is elliptic). This indicates that the electron density
shape is considerably ﬂattened crosswise the bond path.
It can be connected with some type of coupling with the
metal valence shell localized closely to the interacting O
and C atoms. The eﬀect seems to be stronger in the case
of the tungsten derivative. It should be pointed out that
in the Fe complex the bond paths and hence the corre-
sponding BCPs for carbonyl  carbonyl contacts are not
observed.
It was mentioned in the previous section, the imidato
ligand shows r-donor and p-donor properties [36]. Thiscan be conﬁrmed by the analysis of the ellipticity at BCP
of the N–metal bond. Interestingly, the FeAN bond is
almost ideally cylindrical. The ellipticity in BCPFe–N is
equal to eFe–N = 0.0179 (qFe–N = 0.0965 a.u., $
2qFe–N
= 0.3836). The corresponding values for the MoAN and
WAN bonds are as follows: eMo–N = 0.3383 (qMo–N =
0.0785 a.u., $2qMo–N = 0.2795) and eW–N = 0.3402 (qW–N =
0.0838 a.u., $2qW–N = 0.2747). This means that the
relatively greatest contribution of p electrons in a metal–N
bond is observed for (g5-C5H5)W(CO)3(g
1-N-maleimi-
dato). In the case of (g5-C5H5)Mo(CO)3(g
1-N-maleimi-
dato) the contribution is smaller but still comparable to
that in the W complex. The FeAN bond seems to be
formed only by the r orbital of nitrogen with a very small
contribution of p electrons. It can be connected with the
fact that, as distinct from 1 and 2, in 3 there is no p-accept-
ing CO ligand in the trans position.
Another interesting feature was observed for the ana-
lyzed metal complexes. One can see (Fig. 3) that there are
only two bond paths in 1 and 2, and three bond paths in
3, connecting the central metal atom and the C atoms in
the cyclopentadienyl rings. This could suggest that the cen-
tral atoms are g2-C5H5 or g
3-C5H5 coordinated. However,
it should be also pointed out that the Pointcare´-Hopf rela-
tionship determining the mutual ratio of possible critical
points in a non-periodic system is not fulﬁlled in case of
the investigated organometallic systems. This means that
the set of found critical points is incomplete. Yet, even indi-
vidual iterations with highly deﬁned grid-search and with
the starting points in the midpoints between the positions
of attractors corresponding to suitable C atoms in cyclo-
pentadienyl rings and the position of the metal nucleus
have not provided any new critical points. The situation
is additionally complicated because of the untypical repre-
sentation of metal atoms. There is a diﬃculty in the inter-
pretation of the local topology of metal valence-shell
regions deriving from EPS approximations. Nevertheless,
if one analyzes the distribution of atomic charges located
on the C atoms in the cyclopentadienyl rings, then one
can ﬁnd some relation in those values and the occurrence
of the corresponding metal–C bond paths. It is worth men-
tioning here, that both in crystal structures and in theoret-
ically investigated systems there is observed an asymmetry
in metal–p bonding. In 1 and 2 the distance C3–metal is
about 0.1 A˚ longer than the corresponding distances C1–
metal and C5–metal. In the case of 3 these diﬀerences in
metal–p bond lengths of about 0.05 A˚ are not so signiﬁ-
cant, but also observable. Generally, it is possible to state
that the particular contributions of Cp carbon atoms in
p–metal coordination are not equivalent.
4. Conclusions
It was found that in both 1 and 2 in the solid state there
are intramolecular carbonyl  carbonyl interactions, for
which the distances between the oxygen atoms in the malei-
mide ligand and the carbon atoms of carbonyl ligands are
3238 M. Palusiak et al. / Journal of Organometallic Chemistry 691 (2006) 3232–3238shorter than the corresponding sum of van der Waals radii.
Also the other geometrical parameters indicate the exis-
tence of such interactions. There are similar ﬁndings for
DFT fully optimized geometries of these metal complexes.
The Atoms in Molecules analysis proofs, that there are
bond critical points and the corresponding bond paths pres-
ent for these interactions. The laplacians at these critical
points are positive, which is typical for closed-shell interac-
tions. The hypothetical mechanism of nucleophilic addition
to maleimidato ligand has been derived. It seems that the
carbonyl  carbonyl interactions can additionally stabilize
the active transition form in this reaction. In the case of
3, which shows the lowest reactivity in the considered reac-
tion, these carbonyl  carbonyl interactions are not
present.
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